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Various techniques have been developed to measure the 2D and 3D positions and 2D and 3D orientations
of fluorescent molecules with improved precision over standard epifluorescence microscopes. Due to the
challenging signal-to-background ratio in typical single-molecule experiments, it is essential to choose
an imaging system optimized for the specific target sample. In this work, we compare the performance
of multiple state-of-the-art and commonly used methods for orientation localization microscopy against
the fundamental limits of measurement precision. Our analysis reveals optimal imaging methods for
various experiment conditions and sample geometries. Interestingly, simplemodifications to the standard
fluorescence microscope exhibit superior performance in many imaging scenarios.
1. INTRODUCTION
Super-resolved, single-molecule localization microscopy
(SMLM) [1–4] is a versatile and powerful tool for a variety
of biological applications, including tracking and imaging
within whole cells [5–7], measuring the dynamic movements of
molecular motors [8–11], and visualizing DNA conformations
[12–16]. Not content to stop at the development of 3D SMLM
[17, 18], microscopists continue to innovate spectroscopic imag-
ing, where single-molecule (SM) fluorescence spectra [19–24]
and SM orientations and wobbles [25–29] can be measured
simultaneously with SM positions. New techniques also seek
to attain performance approaching fundamental classical and
quantum limits [30–36].
In any practical experiment, one must choose an imaging
method based upon the expected signal-to-background ratio
(SBR); thickness, depth, and refractive index of the sample;
availability of polarization optics or phase masks; and perhaps
most importantly the scientific question and measurement task
at hand. An evidence-based decision hinges upon quantitative
models of how spatioangular information fromfluorescent SMs
is mapped to photon distributions in the image plane [37–42].
Combining these models with classical and quantum estima-
tion theory, one can evaluate and compare imaging techniques
using the estimator-independent Cramér-Rao bound (CRB) [43]
to find the optimal method for a particular application.
In the first paper [44] of this series, we developed funda-
mental precision bounds for estimating the positions and ori-
entations of fluorescent molecules in 2D and 3D. Here, we
compare various state-of-the-art and commonly used meth-
ods in 3D SM orientation localization microscopy (SMOLM)
to the best-possible theoretical performance limits. We evalu-
ate the combined orientation-position measurement precision
of multiple techniques for various SBRs associated with imag-
ing fluorescent molecules and nanoparticles. Our analysis en-
ables scientists to choose the optimal method for various imag-
ing scenarios, e.g., a thin 2D or thick 3D target of interest la-
beled with molecules rotating in either two or three dimen-
sions. Interestingly, augmenting the standard epifluorescence
microscope with simple polarizing elements produces superior
performance compared to engineered point spread functions
(PSFs) in a variety of scenarios.
2. IMAGE FORMATION AND POSITION AND ORIENTA-
TION MEASUREMENT PERFORMANCE
Here, we briefly review the forward imaging model of a mi-
croscope’s response to the position and orientation of single
molecules; more details can be found in Ref. [44]. A fluorescent
molecule is modeled as an oscillating dipole with orientation
represented by unit vector µ = [µx, µy, µz]†. The second-order
orientational moments of µ are given by
mij =
1
T
∫ T
0
µiµj dt, (1)
where {i, j} ∈ {x, y, z}, and represent both the average orien-
tation and wobble of the molecule. For a translationally fixed
molecule located at position r = [x, y, z]†, the fluorescence in-
2Fig. 1. (a) Schematic of polarization-sensitive imaging of a fluorescent dipole emitter with orientation µ = [µx, µy, µz]†, where the
orientation axes (µx, µy, µz) are parallel with the position axes (x, y, z). A polarizing beam splitter (PBS) is used to separate (blue)
x- and (red) y-polarized light. We may parameterize rotational diffusion, or “wobble,” using a rotational constraint factor γ, cone
half angle α, or cone solid angle Ω (inset), assuming that the molecule is uniformly diffusing within the cone. (b) A vortex (half)
waveplate (VWP) can be placed at the back focal plane (BFP) to convert radially and azimuthally polarized light to x- and y-polarized
light. Arrows represent the fast axis direction of the waveplate. Basis images of (c) the x- and y-polarized standard PSF and (d) the
radially and azimuthally polarized standard PSF for molecules located at z = 0 nm, z = 200 nm, and z = 400 nm. (i)-(vi) Basis
images (i) Bxx, (ii) Byy, (iii) Bzz, (iv) Bxy, (v) Bxz, and (vi) Byz, respectively. Colorbar: normalized intensity. Scale bar: 500 nm.
tensity relayed by an imaging system is given by
I(ξ, η; r,m) =
[
Bxx(ξ, η; r), Byy(ξ, η; r), Bzz(ξ, η; r),
Bxy(ξ, η; r), Bxz(ξ, η; r), Byz(ξ, η; r)
]
m, (2)
where (ξ, η) represents the image plane coordinate system and
m = [mxx,myy,mzz,mxy,mxz,myz]
†. The basis images of the
imaging system Bij(ξ, η; r) are given by
Bii = |Gi|2 i ∈ {x, y, z} (3a)
Bij = GiG
∗
j + G
∗
i Gj i ∈ {x, y, z}, i 6= j, (3b)
where Gi(ξ, η; r) are the basis fields corresponding to fixed
dipoles with orientations µi = 1 [44]. In this work, we model
a polarization-sensitive imaging system [Fig. 1(a)] created by
placing a polarizing beamsplitter in the fluorescence detec-
tion path. The basis images Bii and Bij therefore represent x-
polarized [red in Fig. 1(c,d) and Fig. 2] and y-polarized [blue
in Fig. 1(c,d) and Fig. 2] images detected simultaneously. Sim-
ilar to the standard imaging system PSF, shift invariance also
holds for these basis images. Throughout this paper, we use a
fluorescence wavelength in air of 600 nm, an objective lens nu-
merical aperture (NA) of 1.4, and a lens immersion medium of
refractive index n = 1.515.
One commonly used method to measure the molecular ori-
entation is separating the x- and y-polarized emission light
[xyPol, Fig. 1(c), [45]], which can be used to distinguish
x- and y-oriented molecules with high precision. However,
its sensitivity to distinguish molecular orientation [µx, µy, µz]
from [−µx, µy, µz] is low due to the weak basis image Bxy
[Fig. 1(c)(iv)]. To overcome this limitation, we propose a
method where a vortex (half) waveplate [VWP, Fig. 1(b)] is
placed at the back focal plane (BFP) of the imaging system to
convert radially and azimuthally polarized light to x- and y-
polarized light, i.e., separating radially from azimuthally polar-
ized fluorescence [raPol, Fig. 1(d), [36, 46, 47]]. This strategy
is optimal for estimating all in-(xy)plane second-order orienta-
tional moments [mxx,myy,mxy] [44].
In our previous work [44], we found that both xyPol and
raPol lack the sensitivity to measure the out-of-plane moments
mxz and myz due to the extremely weak basis images Bxz and
Byz [Fig. 1(c,d)(vi,vii)]. Either phase or polarization modula-
tion of the light at the BFP is required to improve the preci-
sion in measuring these moments. Besides PSF engineering, we
note that simple defocusing of a sample adds a complex phase
modulation to the optical field at the BFP, causing the basis im-
ages Bxz [Fig. 1(c,d)(v)] and Byz [Fig. 1(c,d)(vi)] to contain much
stronger contrast. Further, we notice that when the molecule is
defocused by z = 200 nm, the resulting PSFs expand to only a
small degree compared to their in-focus counterparts. This ob-
servation implies that orientation measurement precision can
be greatly improved by tolerating a minor degradation in lat-
eral localization precision.
Here, we evaluate the limit of measurement precision for
a given technique by computing the standardized generalized
variance (SGV) [48] associated with the Fisher information (FI)
matrices 1) J m for estimating the orientational second mo-
ments m and 2) J r for estimating the position r of an SM,
thereby summarizing the multiparameter CRB. In the follow-
ing sections of this paper, we proceedwith investigating overall
orientation-position estimation precision and present a compre-
hensive performance comparison between the standard PSFs
and several state-of-the-art and commonly used techniques for
3D orientation measurements and 3D localization (Fig. 2). The
Bisected [BS, Fig. 2(a), [49]] and Tri-spot [TS, Fig. 2(b), [50]]
PSFs are designed to generate a multi-spot image for each sin-
3Fig. 2. Basis images of (a) the Bisected PSF, (b) the Tri-spot (TS) PSF, (c) CHIDO, (d) the double-helix (DH) PSF, (e) bi(focal) plane
imaging, and (f) the astigmatic PSF for molecules located at z = 0 nm and z = 200 nm. (i)-(vi) Basis images (i) Bxx, (ii) Byy, (iii) Bzz,
(iv) Bxy, (v) Bxz, and (vi) Byz, respectively. Red: x-polarized image. Blue: y-polarized image. We assume a 90-degree rotation of the
(a) bisected, (b) TS, (d) DH, and (f) astigmatic PSFs between x- and y-polarized imaging channels, which maximizes measurement
precision. Colorbar: normalized intensity. Scale bar: 500 nm.
gle molecule by placing various linear phase ramps in various
sections of the BFP. For these PSFs, axial position is encoded in
the distance between the spots, and orientation information is
encoded in the relative brightness between the spots. Coordi-
nate and Height super-resolution Imaging with Dithering and
Orientation (CHIDO) [Fig. 2(b), [51]] uses a stressed-engineered
optic (SEO) to modulate phase and polarization, thereby creat-
ing a set of linearly independent basis images that rotate when a
molecule is defocused. The double-helix [DH, Fig. 2(d), [52, 53]]
PSF is designed such that two spots revolve around another as a
function of the axial position z of a SM; orientation information
is also encoded in the relative brightness of the spots [54]. We
also include two simple variations of the standard PSF, bi(focal)
plane imaging [Fig. 2(e), focal planes located at z = ±175 nm
[55, 56]] and the astigmatic PSF [Fig. 2(f), 200 nm between focal
planes with the circle of least confusion at z = 200 nm [57]].
3. OPTIMAL ORIENTATION LOCALIZATION MI-
CROSCOPY APPROACHING THE QUANTUM LIMIT
We begin by evaluating measurement performance for an
isotropic emitter, i.e., m = [1, 1, 1, 0, 0, 0]†/3. First, we evaluate
the overall limit of precision for measuring the six 3D orienta-
tional second moments [Fig. 3(a)], given by
σ¯M =
[
det(J m)
1/6
]−1/2
, (4)
the square-root of the SGV, where det(·) denotes the matrix de-
terminant. For all methods we evaluated except TS, which is
designed specifically to measure intensity in each region of the
BFP regardless of defocus-induced phase variations, orienta-
tion precision improves when the emitter is shifted away from
the focal plane(s). Interestingly, if we directly image the radi-
ally and azimuthally polarized intensity distribution in the BFP
[Fig. 3(a)(i)], we can measure the second moments with preci-
sion close to the fundamental bound [44]; however, such an ap-
proach can only measure one emitter at a time. Moving to the
image plane, we find that a defocused raPol PSF outperforms
all other image plane techniques when defocused.
Next, we evaluate the best-possible precision of localizing
emitters in 3D space r = [x, y, z]†. The lateral precision
[Fig. 3(b)] of all PSFs degrades when the emitter is defocused
due to PSF expansion and the resulting reduction of peak
SBR. However, axial precisions [Fig. 3(c)] improve when the
molecule is slightly defocused by several hundred nanometers,
except for the DH PSF [53], which is specifically designed to
achieve a more uniform z precision. Turning to the overall 3D
localization precision [Fig. 3(d)] given by
σ¯r =
[
det(J r)
1/3
]−1/2
, (5)
we find that the polarized standard PSFs and CHIDO perform
best when defocus is approximately 100-200 nm. For the Bi-
sected PSF, TS PSF, astigmatic PSF [55], and biplane imaging
[57], the overall precision is relatively uniform within the -200
to 200 nm defocus range.
We next define the limit of overall orientation-position pre-
cision as σ¯m σ¯r [Fig. 3(e)], which can be viewed as the geomet-
ric average of the estimation precisions for the second-order
orientational moments mij and 3D position r combined. Our
computations show that for the standard (xyPol and raPol) and
standard-like PSFs (CHIDO, biplane, and astigmatic), the over-
all precision is best when the molecule is defocused by 100 to
200 nm away from the focal plane(s), which matches our in-
4Fig. 3. Limit of precision for measuring (a) 3D molecular ori-
entation m, (b) lateral position x, (c) axial position z, (d) over-
all 3D position r, and (e) combined 3D orientation and posi-
tion of freely rotating molecules (i.e., m = [1, 1, 1, 0, 0, 0]†/3)
with one photon detected using (i) polarized standard PSFs,
(ii) PSFs designed for orientation measurements, and (iii) PSFs
designed for 3D localization. Dotted line represents the preci-
sion when the detectors are placed at the BFP instead of the
image plane; gray line represents the best overall orientation lo-
calization performance, attained by the raPol PSF at a defocus
of ~200 nm. Blue: standard PSF with x and y-polarization sep-
aration (xyPol), green: standard PSF with radial and azimuthal
polarization separation (raPol), red: Bisected PSF, orange: Tri-
spot (TS) PSF, purple: CHIDO, yellow: double-helix (DH) PSF,
pink: biplane imaging, brown: astigmatic (astig.) PSF. Gray ar-
eas are bounded from above by the (a) classical and (b-d) quan-
tum limits derived in [44].
tuition in Section 2. Notably, the raPol PSF, at a defocus of
~200 nm, exhibits the best combined orientation-position pre-
cision compared to all other methods.
Our performance analysis thus far has focused on isotropic
emitters and freely rotating molecules. Next, we quantify
measurement precision for molecules symmetrically wobbling
around the µx and µz axes with rotational constraint γ [Fig. 1(a),
[35]], i.e.,
mii = γµ¯
2
i +
1− γ
3
(6a)
mij = γµ¯iµ¯j i, j ∈ {x, y, z}, i 6= j, (6b)
where µ¯ = [µ¯x, µ¯y, µ¯z]† represents an SM’s average orientation.
We compare raPol at various values of defocus to the TS PSF
and CHIDO at their optimal defocus positions. We notice that
defocusing has no effect on the precision of measuring molecu-
Fig. 4. Limit of precision of measuring the (a) in-(xy) plane ori-
entation [mxx,myy,mxy], (b) 3D orientation m, (c) lateral posi-
tion x, and (d) axial position z of molecules wobbling around
the (i) µx axis and (ii) µz axis with one photon detected. Green:
radially and azimuthally polarized standard PSF (raPol) defo-
cused by 50 nm (dashed), 200 nm (solid), and 1000 nm (dot-
ted); orange: Tri-spot (TS) PSF; purple: CHIDO. Gray areas are
bounded from above by the (a-b) classical and (c-d) quantum
limits derived in [44].
lar orientation in the xy plane [Fig. 4(a)], defined as
σ¯xx,yy,xy =
[
det
(
J mxx,myy,mxy
)1/3]−1/2
. (7)
That is, raPol’s in-plane orientation precision is near the funda-
mental limit derived in [44] for molecules positioned 50-1000
nm from the focal plane. The overall precision σ¯m of measuring
all (3D) second moments using raPol improves as defocus in-
creases [Fig. 4(b)], indicating that defocusing improves the pre-
cision of measuring mxz and myz without sacrificing estimation
precision for the in-plane moments. The orientation precision
σ¯m when z = 200 nm is 15%worse on average compared to that
at z = 1000 nm but is still superior to that of TS and CHIDO.
In terms of localization, the lateral precision of raPol
[Fig. 4(c)] naturally worsens as defocus increases for molecules
wobbling around both the µx and µz axes. The precision when
defocus z = 200 nm is 23% worse on average compared to that
at z = 50 nm but is still comparable to the precision of TS and
CHIDO. The axial precision using raPol [Fig. 4(d)] is best when
z = 200 nm, making it more precise than TS and CHIDO for
most orientations. Considering the overall orientation-position
precision σ¯mσ¯r of raPol, we observe that defocusing by 200 nm
provides a good compromise; this condition has much better
orientation precision compared to that at 50 nm defocus with-
out a severe sacrifice in localization precision like defocusing
5by 1000 nm. In fact, our analysis shows that using raPol at a
defocus of z = 200 nm exhibits superior orientation-position
measurement precision compared to all other methods.
4. ORIENTATION LOCALIZATION PERFORMANCE UN-
DER PRACTICAL IMAGING CONDITIONS
In biological imaging, the refractive index (RI) of the medium
surrounding the fluorescent molecules of interest is often differ-
ent from the designed immersion medium of the objective lens
itself. If the objective lens’s numerical aperture (NA) is smaller
than or equal to the sample RI, the typical dipole emission pat-
tern is observed at the BFP [Fig. 5(a,b)]. However, when the NA
of the objective lens is greater than the sample RI and the fluo-
rophores are near the RI interface, supercritical light is captured
by the objective lens, resulting in very different optical fields at
the BFP [58, 59]. For molecules located at the interface between
a sample with RI equal to that of water (1.33) and the objective’s
immersionmedium, the supercritical light ring [Fig. 5(c,d)] con-
tains a non-uniform phase pattern at the BFP, thereby breaking
the degeneracy for measuring the out-of-plane moments mxz
and myz for in-focus emitters. Further, defocusing in the +z
direction no longer produces PSFs degenerate with defocusing
in the −z direction. Therefore, axial localization precision for
molecules close to the focal plane is also greatly improved.
Fig. 5. Basis fields Gx in the (i) x-polarized and (ii) y-polarized
channels and (iii) Gz in the x-polarized channel at the BFP
for (a) x and y-polarization separation and (b) radial and az-
imuthal polarization separation when the sample refractive in-
dexmatches the lens immersionmedium (1.515) and (c-d) when
the sample refractive index (1.33) is smaller than the imaging
medium and numerical aperture (NA=1.4). Basis fields not
shown here are either rotated versions of the ones shown here
or zero.
Another major factor that limits measurement precision is
background photons detected during fluorescence imaging. In
this section, we evaluate how mismatched RI and limited SBR
affect overall instrument performance by simulating molecules
embedded in a sample with an RI of 1.33 [Fig. 6(a)]. We de-
note the distance between the molecule and the RI interface
by h and the position of the nominal focal plane (i.e., the fo-
cal plane position when imaging without a RI mismatch) by z.
We characterize performance for a typical SM SBR (1,000 sig-
nal photons and 5 background photons/pixel) and a high SBR
typical of quantum nanorods (30,000 signal photons [11] and
5 background photons/pixel); these SBRs hold for rotationally
fixed molecules located at the RI interface with µ¯z = 0 (perpen-
dicular to the optical axis). We choose to hold the fluorescence
photon emission rate fixed for all conditions; therefore, the SBR
will vary for molecules tilted away from the coverslip (µ¯z > 0)
Fig. 6. (a) Schematic of a sample containing molecules dis-
tributed at various heights h above the refractive index (RI) in-
terface. The nominal focal plane (dotted black line) is located at
a distance −z above (+z below) the RI interface (z = 0). (b) The
normalized integrated intensities of basis images Bxx and Bzz,
corresponding to fixed dipoles with µx = 1 and µz = 1, respec-
tively, change with a molecule’s height h above the interface.
Due to symmetry, the total intensity of Bxx is equal to that of
Byy. (c) Two hundred mean orientations µ¯ uniformly sampled
on the unit sphere (µ¯z > 0). (d) Average orientation-position es-
timation precision σ¯mσ¯r for molecules located within 600 nm of
the RI interface as function of the focal plane position z. Crosses
denote the focal plane placement that maximizes overall orien-
tation localization precision throughout the sample. Blue: x-
and y-polarized standard PSF (xyPol); green: radially and az-
imuthally polarized standard PSF (raPol); orange: Tri-spot (TS)
PSF; purple: CHIDO.
or positioned away from the RI interface [Fig. 6(b)].
A. Thin planar samples
First, we evaluate the orientation-position precision of the afore-
mentioned techniques for molecules located at the RI interface
[h = 0, Fig. 6(a)]. However, instead of using freely rotating
molecules, we sample estimation performance for molecules
symmetrically wobbling around 200 average orientations µ¯ uni-
formly sampled on the orientation unit sphere [Fig. 6(c)] with
rotational constraint γ = 0.8 [35], which is equivalent to a cone
surface area of Ω = 0.879 sr or a cone half angle of α = 30.7◦
if the molecule is uniformly wobbling within it [Fig. 1(a)]. We
reportmeasurement performance as the average estimation pre-
cision across all sampled orientations.
In the presence of background, larger PSFs impart increas-
ingly poor precision due to a reduced imaging SBR. The pre-
cision of measuring in-plane orientations as a function of de-
focus thus scales intuitively [Fig. 7(a)]. The radially and az-
imuthally polarized PSF, which performs closely to the funda-
mental bound without background photons [44], has better pre-
cision than xyPol, TS, and CHIDO. Although collecting super-
critical light improves the sensitivity of measuring mxz and myz
for molecules that are in focus, the 3D orientation precision
[Fig. 7(b)] still improves with defocus for the polarized stan-
6Fig. 7. Limit of precision for measuring (a) the xy-plane second-
order orientational moments [mxx,myy,mxy], (b) the 3D orien-
tation m, (c) the average orientation µ¯, and (d) the cone solid
angle Ω of a molecule uniformly wobbling in a cone. Esti-
mation precisions are reported for molecules lying at a water-
glass interface with rotational constraint γ = 0.8 and averaged
over all possible mean orientations µ¯ (Fig. 6(c)). Two signal
to background ratios (SBRs) are considered: (i) one typical of
single molecules (SMs) with 1,000 signal photons and (ii) one
typical of quantum nanorods with 30,000 signal photons; both
use 5 background photons per 58.5× 58.5 nm2 pixel. Blue: x-
and y-polarized standard PSF (xyPol); green: radially and az-
imuthally polarized standard PSF (raPol); orange: Tri-spot (TS)
PSF; purple: CHIDO.
dard PSFs. When the focal plane is placed 200-300 nm into
the lens immersion medium, raPol exhibits the best precision
among these techniques for all SBRs [Fig. 7(b)]. Due to its large
size, the TS PSF has comparatively worse precision for SMs
[Fig. 7(a,b)(i)] but has comparable or superior precision to other
techniques for quantum rods [Fig. 7(a,b)(ii)]. It also performs
more uniformly within the |z| < 500 nm range compared to
the standard PSFs and CHIDO; the TS PSF effectively has an
increased depth of field over the other methods due to its parti-
tioning of the BFP. The peak-to-valley difference in precision is
47% of the average precision, which is much smaller than 90%
for the polarized standard PSFs and 77% for CHIDO. Interest-
ingly, CHIDO exhibits its best precision for in-focus emitters at
SM SBRs, but for high nanorod SBRs, defocus improves mea-
surement precision [Fig. 7]; more photons enable fine features
of the defocused CHIDO PSF to be utilized for improved sensi-
tivity.
To provide physical intuition for these precision limits, we
also evaluate the precision of estimating parameters of the uni-
form “wobble in a cone” model: the average orientation µ¯ of
the SM and the solid angle Ω = (3−√8γ + 1)pi [Fig. 1(a)] of
the cone in which it diffuses. The uncertainty σ¯µ¯ in mean orien-
tation is given by
σ¯µ¯ =
[
µ¯z det
(
J µ¯x,µ¯y
)1/2]−1/2
(8)
[Fig. 7(c)], which represents an arc length on the unit orientation
sphere [Fig. 1(a)]. This measurement precision largely scales
with that of estimating all second-order orientational moments
σ¯m [Fig. 7(b)]; raPol has an average orientation measurement
precision of 72.2 mrad at SM SBRs and 6.7 mrad at nanorod
SBRs. Interestingly, calculating the best-possible precision σΩ
in wobble angle [Fig. 7(d)] shows that raPol has largely uniform
and superior performance over a large defocus range; raPol has
an average wobble measurement precision of 0.439 sr for SMs
(0.036 sr for nanorods).
Fig. 8. Limit of precision for measuring the (a) lateral position
[x, y], (b) 2D in-plane orientation [mxx,myy,mxy] and lateral po-
sition, and (c) combined 3D orientation m and lateral position
of a molecule uniformly wobbling in a cone. Estimation preci-
sions are reported for molecules lying at a water-glass interface
with rotational constraint γ = 0.8 and averaged over all possi-
ble mean orientations µ¯ (Fig. 6(c)). Two signal to background
ratios (SBRs) are considered: (i) one typical of single molecules
(SMs) with 1,000 signal photons and (ii) one typical of quantum
nanorods with 30,000 signal photons; both use 5 background
photons per 58.5 × 58.5 nm2 pixel. Blue: x- and y-polarized
standard PSF (xyPol); green: radially and azimuthally polar-
ized standard PSF (raPol); orange: Tri-spot (TS) PSF; purple:
CHIDO.
We next explore how measurement precision scales as the
imaging task becomes increasingly complex, holding the image
SBR fixed. If one is only interested in localizing a molecule in
2D [Fig. 8(a)], then localization precision degrades with increas-
ing defocus z as expected. The standard PSFs and CHIDO are
similar to one another since their sizes are comparable; both
7have superior precision compared to the TS PSF, especially for
SM SBRs. The TS PSF exhibits a more uniform precision across
the 1 µm depth range.
Measuring the in-plane position [x, y] and additionally the
in-plane orientational moments [mxx,myy,mxy] of SMs is impor-
tant when, for example, performing TAB SMOLM of amyloid
fibers [28]. Therefore, we use the product σ¯xx,yy,xy σx to evaluate
the overall 2D orientation-position precision [Fig. 8(b)]. When
the (thin) sample is located at the focal plane, raPol performs
the best since it has the highest precision for both 2D position
and 2D orientation measurements.
In another scenario, molecules may be confined within or
near a single z plane but their orientations could lie anywhere
in 3D space. This situation occurs, for example, when using
PAINT to perform SMOLM of a supported lipid bilayer [29].
Therefore, 3D orientation and 2D localization performance can
be measured by the product of the lateral position precision σx
and the 3D orientation precision σ¯m [Fig. 8(c)]. When the (thin)
sample is located at z = ±200 nm, raPol has the best overall 3D
orientation localization performance, with xyPol and CHIDO
close behind. Overall, our analysis shows that to obtain im-
proved orientation-position precision using the family of stan-
dard PSFs, one should modestly defocus the sample by ~200
nm.
B. Thick three-dimensional samples
Since the intensity of supercritical light decays rapidly with in-
creasing distance between the molecule and RI interface, ori-
entation localization performance for a sample that is much
thicker than the wavelength will yield trends similar to those
shown in Fig. 3(e). In this section, we analyze the precision of
measuring the 3D orientation and position of molecules within
a sample of thickness of hmax = 600 nm [Fig. 6(a)], such that
supercritical light is captured for a majority of the sample; su-
percritical light comprises only 3% of the detected fluorescence
from a molecule at h = hmax [60].
First, for each technique, we find the optimal position of
the objective lens focal plane by computing the average mea-
surement precision σ¯mσ¯r for isotropic emitters located across
all depths h between 0 and 600 nm at a typical SM SBR; the
optimal focal plane position z minimizes this average precision.
We find that xyPol, raPol, TS, and CHIDO achieve their best
precisions when z = −490, −550, −500, and −500 nm, respec-
tively [Fig. 6(d)]. The standard PSFs and CHIDO exhibit similar
precision; the difference in the optimal average σ¯mσ¯r is within
12%. Similar to 3D orientation and 2D localization measure-
ments [Fig. 8(c)], TS performs worse compared to other meth-
ods for measuring 3D orientation and 3D position.
We now quantify the overall orientation localization pre-
cision of these techniques (using the optimal value of z) for
thick samples by averaging measurement precision across 200
uniformly sampled mean molecular orientations and depths
h ≤ hmax while holdingwobble fixed (γ = 0.8). The precision of
measuring the 3D average orientation σ¯µ¯ [Fig. 9(a)] and wobble
cone solid angle σ¯Ω [Fig. 9(b)] exhibit similar trends with axial
position h compared to that for defocusing thin planar samples
[Fig. 7(c,d)]. On average, raPol measures average orientation µ¯
2% and 11% more precisely than CHIDO does under SM and
nanorod SBRs, respectively; raPol has an average orientation
measurement precision of 84.5 mrad at SM SBRs and 7.6 mrad
at nanorod SBRs. However, CHIDO and TS perform more uni-
formly over the depth range compared to the standard PSFs. As
expected, raPol also exhibits the best precision for measuring
Fig. 9. Limit of precision for measuring the (a) average orien-
tation µ¯, (b) cone solid angle Ω, (c) 3D position r, and (d) 3D
position and 3D orientation of (i) a single molecule (SM) with
1,000 signal photons and (ii) a quantum nanorod with 30,000
signal photons and 5 background photons per 58.5× 58.5 nm2
pixel detected. Estimation precisions are reported for molecules
with rotational constraint γ = 0.8 and averaged over all possi-
ble mean orientations µ¯ (Fig. 6(c)). Blue: x- and y-polarized
standard PSF (xyPol); green: radially and azimuthally polar-
ized standard PSF (raPol); orange: Tri-spot (TS) PSF; purple:
CHIDO. For each method, the nominal focal plane was placed
at the optimal z (Fig. 6(d)) to maximize overall performance.
molecular wobble Ω at almost every molecule depth h; raPol
has an average wobble measurement precision of 0.496 sr for
SMs (0.040 sr for nanorods). Intuitively, measurement precision
is better for molecules located closer to the RI interface due to
the increased contribution of supercritical light.
The average 3D localization precision σ¯r [Fig. 9(c)] using
CHIDO is 8% and 4% worse than that of xyPol and raPol re-
spectively at SM SBRs (3% worse than xyPol and 8% worse
than raPol at nanorod SBRs). On average, xyPol can achieve
13.0 nm localization precision in 3D for SMs and 1.3 nm preci-
sion for nanorods, while raPol has best-possible 3D localization
precisions of 10.8 nm at SM SBRs and 1.1 nm at nanorod SBRs.
However, CHIDO performs more uniformly for molecules at
intermediate depths h ∈ [150, 450] nm. TS measurement preci-
sion is 60%worse than CHIDO for SM SBRs and is therefore not
shown in Fig. 9(c)(i). Its precision is more uniform across the en-
tire 600-nm range due to its large depth of field [Fig. 9(c)(ii)].
Examining overall 3D orientation and 3D localization mea-
surement performance, raPol performs the best out of all tech-
niques under both SM and nanorod SBRs over the entire 600 nm
8range. Its average precision σ¯mσ¯r is 10% and 5% better com-
pared to those of xyPol and CHIDO at SM SBRs [Fig. 9(d)(i)]
and 20% and 14% better at nanorod SBRs [Fig. 9(d)(ii)], respec-
tively. However, since CHIDO has more uniform performance
for both 3D orientation [Fig. 9(a)] and position [Fig. 9(c)], its
overall measurement precision is also much more uniform, es-
pecially within h ∈ [150, 450] nm.
5. DISCUSSION AND CONCLUSION
In the first paper in this series [44], we presented a mathemati-
cal framework for finding the fundamental sensitivity limits of
measuring the orientations and positions of single molecules,
in both 2D and 3D, using any imaging system. Here, we
evaluate multiple state-of-the-art and commonly used imaging
techniques and compare their performances to the fundamen-
tal bounds. We find that the radially and azimuthally polar-
ized standard PSF (raPol), which only requires a simple addi-
tion of a vortex (half) waveplate at the BFP of a polarization-
sensitive epifluorescence microscope, achieves nearly the maxi-
mum (optimal) sensitivity attainable when measuring both lat-
eral (2D) molecular orientation and 3D molecular orientation
in thin samples (Figs. 3 and 4). However, none of the methods
we evaluated performs closely to the maximum possible per-
formance for measuring both 3D orientation and 3D position
(Fig. 3), which suggests that there still exists room for improv-
ing SMOLMmethods and extracting themaximum information
possible from each detected photon. Interferometric detection
with one or multiple objective lenses [5, 32, 36, 61–63] is one
possible avenue to pursue, as interferometry enables the full
complex wavefunction to be measured by conventional photon-
counting cameras.
Further, we performed a quantitative comparison of the best-
possible precision (
√
CRB) achievable by various imaging tech-
niques under practical imaging scenarios. When molecules are
confined within a thin sample, raPol exhibits the best overall
precision for measuring in-plane orientation and 2D position
simultaneously compared to other methods (Fig. 8(b)). Inter-
estingly, we find that one must defocus the sample slightly
(by ~200 nm) to obtain the best measurement precision for
measuring lateral position and 3D orientation; in this config-
uration, raPol also outperforms all other methods (Fig. 8(c)).
For thick samples, CHIDO exhibits the most uniform precision
overall for measuring the 3D orientation and 3D position of
SMs, whereas raPol achieves the best peak precision.
Our work provides the first comprehensive comparison of
various popular and state-of-the-art SMOLMmethods for mea-
suring molecular orientation and position simultaneously. The
results show that imaging techniques should be carefully cho-
sen based on the scientific target and the parameters of inter-
est; that is, methods that perform well for measuring a subset
of orientation and position parameters do not generally work
well for all parameters. The analysis also shows that early ap-
proaches to partition the BFP into multiple linear phase ramps
(e.g., the bisected [49] and Tri-spot [20] PSFs) perform subop-
timally compared to simple defocusing and polarization mod-
ulation (e.g., vortex waveplates [36] and stressed-engineered
optics [51]). These observations suggest that developing new
polarization detection schemes and polarizing optics could be
very beneficial for advancing SMOLM performance.
FUNDING
National Science Foundation (NSF) (1653777); National Insti-
tute of General Medical Sciences (NIGMS) of the National In-
stitutes of Health (NIH) (R35GM124858).
ACKNOWLEDGMENTS
We acknowledge the helpful discussions provided by Jin Lu,
Tianben Ding, Tingting Wu, and HesamMazidi.
DISCLOSURES
The authors declare no conflicts of interest.
REFERENCES
1. E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S. Olenych,
J. S. Bonifacino, M. W. Davidson, J. Lippincott-Schwartz, and H. F.
Hess, “Imaging Intracellular Fluorescent Proteins at Nanometer Reso-
lution,” Science 313, 1642–1645 (2006).
2. S. T. Hess, T. P. Girirajan, and M. D. Mason, “Ultra-High Resolution
Imaging by Fluorescence Photoactivation Localization Microscopy,”
Biophys. J. 91, 4258–4272 (2006).
3. M. J. Rust, M. Bates, and X. Zhuang, “Sub-diffraction-limit imaging by
stochastic optical reconstruction microscopy (STORM),” Nat. Methods
3, 793–796 (2006).
4. A. Sharonov and R. M. Hochstrasser, “Wide-field subdiffraction imag-
ing by accumulated binding of diffusing probes,” Proc. Natl. Acad. Sci.
103, 18911–18916 (2006).
5. F. Huang, G. Sirinakis, E. S. Allgeyer, L. K. Schroeder, W. C. Duim,
E. B. Kromann, T. Phan, F. E. Rivera-Molina, J. R. Myers, I. Irnov,
M. Lessard, Y. Zhang, M. A. Handel, C. Jacobs-Wagner, C. P. Lusk,
J. E. Rothman, D. Toomre, M. J. Booth, and J. Bewersdorf, “Ultra-High
Resolution 3D Imaging of Whole Cells,” Cell 166, 1028–1040 (2016).
6. Z. Zhu and C. J. Yang, “Hydrogel Droplet Microfluidics for High-
Throughput Single Molecule/Cell Analysis,” Accounts Chem. Res. 50,
22–31 (2017).
7. A.-K. Gustavsson, P. N. Petrov, M. Y. Lee, Y. Shechtman, and W. E.
Moerner, “3D single-molecule super-resolution microscopy with a
tilted light sheet,” Nat. Commun. 9, 123 (2018).
8. H. Sosa, E. J. Peterman, W. E. Moerner, and L. S. Goldstein, “ADP-
induced rocking of the kinesin motor domain revealed by single-
molecule fluorescence polarization microscopy,” Nat. Struct. Biol.
(2001).
9. J. N. Forkey, M. E. Quinlan, M. Alexander Shaw, J. E. T. Corrie, and
Y. E. Goldman, “Three-dimensional structural dynamics of myosin V
by single-molecule fluorescence polarization,” Nature 422, 399–404
(2003).
10. J. F. Beausang, D. Y. Shroder, P. C. Nelson, and Y. E. Goldman, “Tilting
and Wobble of Myosin V by High-Speed Single-Molecule Polarized
Fluorescence Microscopy,” Biophys. J. 104, 1263–1273 (2013).
11. L. G. Lippert, T. Dadosh, J. A. Hadden, V. Karnawat, B. T. Diroll, C. B.
Murray, E. L. F. Holzbaur, K. Schulten, S. L. Reck-Peterson, and Y. E.
Goldman, “Angular measurements of the dynein ring reveal a stepping
mechanism dependent on a flexible stalk,” Proc. Natl. Acad. Sci. 114,
E4564–E4573 (2017).
12. T. Ha, T. Enderle, D. S. Chemla, P. R. Selvin, and S. Weiss, “Single
Molecule Dynamics Studied by Polarization Modulation,” Phys. Rev.
Lett. 77, 3979–3982 (1996).
13. T. Ha, J. Glass, T. H. Enderle, D. S. Chemla, and S. Weiss, “Hindered
rotational diffusion and rotational jumps of single molecules,” Phys.
Rev. Lett. (1998).
14. A. S. Backer, M. Y. Lee, and W. E. Moerner, “Enhanced DNA imaging
using super-resolution microscopy and simultaneous single-molecule
orientation measurements,” Optica 3, 659 (2016).
15. A. S. Backer, A. S. Biebricher, G. A. King, G. J. L. Wuite, I. Heller,
and E. J. G. Peterman, “Single-molecule polarization microscopy of
9DNA intercalators sheds light on the structure of S-DNA,” Sci. Adv. 5,
eaav1083 (2019).
16. H. Mazidi, E. S. King, O. Zhang, A. Nehorai, and M. D. Lew, “Dense
Super-Resolution Imaging of Molecular Orientation Via Joint Sparse
Basis Deconvolution and Spatial Pooling,” in 2019 IEEE 16th Interna-
tional Symposium on Biomedical Imaging (ISBI 2019), Venice, Italy,
2019, (IEEE, Piscataway, NJ, 2019, 2019), pp. 325–329.
17. A. von Diezmann, Y. Shechtman, and W. E. Moerner, “Three-
Dimensional Localization of Single Molecules for Super-Resolution
Imaging and Single-Particle Tracking,” Chem. Rev. 117, 7244–7275
(2017).
18. E. Nehme, D. Freedman, R. Gordon, B. Ferdman, L. E. Weiss,
O. Alalouf, T. Naor, R. Orange, T. Michaeli, and Y. Shechtman, “Deep-
STORM3D: dense 3D localization microscopy and PSF design by
deep learning,” Nat. Methods 17, 734–740 (2020).
19. P. F. Barbara, A. J. Gesquiere, S.-J. Park, and Y. J. Lee, “Single-
Molecule Spectroscopy of Conjugated Polymers,” Accounts Chem.
Res. 38, 602–610 (2005).
20. Z. Zhang, S. J. Kenny, M. Hauser, W. Li, and K. Xu, “Ultrahigh-
throughput single-molecule spectroscopy and spectrally resolved
super-resolution microscopy,” Nat. Methods 12, 935–938 (2015).
21. B. Dong, L. Almassalha, B. E. Urban, T.-Q. Nguyen, S. Khuon, T.-
L. Chew, V. Backman, C. Sun, and H. F. Zhang, “Super-resolution
spectroscopic microscopy via photon localization,” Nat. Commun. 7,
12290 (2016).
22. S. Moon, R. Yan, S. J. Kenny, Y. Shyu, L. Xiang, W. Li, and
K. Xu, “Spectrally Resolved, Functional Super-Resolution Microscopy
Reveals Nanoscale Compositional Heterogeneity in Live-Cell Mem-
branes,” J. Am. Chem. Soc. 139, 10944–10947 (2017).
23. J.-E. Lee, J. C. Sang, M. Rodrigues, A. R. Carr, M. H. Horrocks, S. De,
M. N. Bongiovanni, P. Flagmeier, C. M. Dobson, D. J. Wales, S. F. Lee,
and D. Klenerman, “Mapping Surface Hydrophobicity of α-Synuclein
Oligomers at the Nanoscale,” Nano Lett. 18, 7494–7501 (2018).
24. E. Hershko, L. E. Weiss, T. Michaeli, and Y. Shechtman, “Multicolor lo-
calization microscopy and point-spread-function engineering by deep
learning,” Opt. Express 27, 6158 (2019).
25. M. P. Backlund, M. D. Lew, A. S. Backer, S. J. Sahl, and W. E. Mo-
erner, “The Role of Molecular Dipole Orientation in Single-Molecule
FluorescenceMicroscopy and Implications for Super-Resolution Imag-
ing,” ChemPhysChem 15, 587–599 (2014).
26. C. A. Valades Cruz, H. A. Shaban, A. Kress, N. Bertaux, S. Monneret,
M. Mavrakis, J. Savatier, and S. Brasselet, “Quantitative nanoscale
imaging of orientational order in biological filaments by polarized su-
perresolution microscopy,” Proc. Natl. Acad. Sci. 113, E820–E828
(2016).
27. H. A. Shaban, C. A. Valades-Cruz, J. Savatier, and S. Brasselet, “Po-
larized super-resolution structural imaging inside amyloid fibrils using
Thioflavine T,” Sci. Reports 7, 12482 (2017).
28. T. Ding, T. Wu, H. Mazidi, O. Zhang, and M. D. Lew, “Single-
molecule orientation localization microscopy for resolving structural
heterogeneities between amyloid fibrils,” Optica 7, 602 (2020).
29. J. Lu, H. Mazidi, T. Ding, O. Zhang, and M. D. Lew, “Single-molecule
3d orientation imaging reveals nanoscale compositional heterogeneity
in lipid membranes,” Angewandte Chemie Int. Ed. 59, 17572–17579
(2020).
30. C. Lupo and S. Pirandola, “Ultimate precision bound of quantum and
subwavelength imaging,” Phys. Rev. Lett. 117, 190802 (2016).
31. J. Rehacek, M. Paúr, B. Stoklasa, Z. Hradil, and L. L. Sánchez-Soto,
“Optimal measurements for resolution beyond the rayleigh limit,” Opt.
Lett. 42, 231–234 (2017).
32. M. P. Backlund, Y. Shechtman, and R. L. Walsworth, “Fundamental
precision bounds for three-dimensional optical localization microscopy
with poisson statistics,” Phys. Rev. Lett. 121, 023904 (2018).
33. S. Prasad and Z. Yu, “Quantum-limited superlocalization and super-
resolution of a source pair in three dimensions,” Phys. Rev. A 99,
022116 (2019).
34. M. Tsang, “Quantum limit to subdiffraction incoherent optical imaging,”
Phys. Rev. A 99, 012305 (2019).
35. O. Zhang and M. D. Lew, “Fundamental Limits on Measuring the Rota-
tional Constraint of Single Molecules Using Fluorescence Microscopy,”
Phys. Rev. Lett. 122, 198301 (2019).
36. O. Zhang and M. D. Lew, “Quantum limits for precisely estimating the
orientation and wobble of dipole emitters,” Phys. Rev. Res. 2, 033114
(2020).
37. A. S. Backer and W. E. Moerner, “Extending Single-Molecule Mi-
croscopy Using Optical Fourier Processing,” The J. Phys. Chem. B
118, 8313–8329 (2014).
38. A. S. Backer and W. E. Moerner, “Determining the rotational mobility
of a single molecule from a single image: a numerical study,” Opt.
Express 23, 4255 (2015).
39. S. Stallinga, “Effect of rotational diffusion in an orientational potential
well on the point spread function of electric dipole emitters,” J. Opt.
Soc. Am. A 32, 213 (2015).
40. T. Chandler, H. Shroff, R. Oldenbourg, and P. L. Rivière, “Spatio-
angular fluorescence microscopy i. basic theory,” J. Opt. Soc. Am. A
36, 1334–1345 (2019).
41. T. Chandler, H. Shroff, R. Oldenbourg, and P. L. Rivière, “Spatio-
angular fluorescence microscopy II Paraxial 4f imaging,” J. Opt. Soc.
Am. A 36, 1346 (2019).
42. T. Chandler, H. Shroff, R. Oldenbourg, and P. La Rivière, “Spatio-
angular fluorescence microscopy III Constrained angular diffusion, po-
larized excitation, and high-NA imaging,” J. Opt. Soc. Am. A 37, 1465
(2020).
43. T. K. Moon and W. C. Stirling, Mathematical Methods and Algorithms
for Signal Processing (Prentice Hall, New Jersey, 2000).
44. O. Zhang and M. D. Lew, “Single-molecule orientation localization mi-
croscopy I: fundamental limits,” (2020).
45. K. I. Mortensen, L. S. Churchman, J. A. Spudich, and H. Flyvb-
jerg, “Optimized localization analysis for single-molecule tracking and
super-resolution microscopy,” Nat. Methods 7, 377–381 (2010).
46. M. D. Lew and W. E. Moerner, “Azimuthal Polarization Filtering for Ac-
curate, Precise, and Robust Single-Molecule Localization Microscopy,”
Nano Lett. 14, 6407–6413 (2014).
47. M. P. Backlund, A. Arbabi, P. N. Petrov, E. Arbabi, S. Saurabh,
A. Faraon, and W. E. Moerner, “Removing orientation-induced local-
ization biases in single-molecule microscopy using a broadband meta-
surface mask,” Nat. Photonics 10, 459–462 (2016).
48. A. SenGupta, “Tests for standardized generalized variances of multi-
variate normal populations of possibly different dimensions,” J. Multi-
var. Analysis 23, 209–219 (1987).
49. A. S. Backer, M. P. Backlund, A. R. von Diezmann, S. J. Sahl, andW. E.
Moerner, “A bisected pupil for studying single-molecule orientational
dynamics and its application to three-dimensional super-resolution mi-
croscopy,” Appl. Phys. Lett. 104, 193701 (2014).
50. O. Zhang, J. Lu, T. Ding, and M. D. Lew, “Imaging the three-
dimensional orientation and rotational mobility of fluorescent emitters
using the Tri-spot point spread function,” Appl. Phys. Lett. 113, 031103
(2018).
51. V. Curcio, T. G. Brown, S. Brasselet, and M. A. Alonso, “Bire-
fringent fourier filtering for single molecule coordinate and height
super-resolution imaging with dithering and orientation (chido),” arXiv
preprint arXiv:1907.05828 (2019).
52. S. R. P. Pavani and R. Piestun, “High-efficiency rotating point spread
functions,” Opt. Express 16, 3484 (2008).
53. S. R. P. Pavani, M. A. Thompson, J. S. Biteen, S. J. Lord, N. Liu, R. J.
Twieg, R. Piestun, and W. E. Moerner, “Three-dimensional, single-
molecule fluorescence imaging beyond the diffraction limit by using a
double-helix point spread function,” Proc. Natl. Acad. Sci. 106, 2995–
2999 (2009).
54. M. P. Backlund, M. D. Lew, A. S. Backer, S. J. Sahl, G. Grover,
A. Agrawal, R. Piestun, and W. E. Moerner, “Simultaneous, accurate
measurement of the 3D position and orientation of single molecules,”
Proc. Natl. Acad. Sci. 109, 19087–19092 (2012).
55. H. Kao and A. Verkman, “Tracking of single fluorescent particles in
three dimensions: use of cylindrical optics to encode particle position,”
Biophys. J. 67, 1291–1300 (1994).
10
56. A. Agrawal, S. Quirin, G. Grover, and R. Piestun, “Limits of 3D dipole
localization and orientation estimation for single-molecule imaging: to-
wards Green’s tensor engineering,” Opt. Express 20, 26667 (2012).
57. E. Toprak, H. Balci, B. H. Blehm, and P. R. Selvin, “Three-Dimensional
Particle Tracking via Bifocal Imaging,” Nano Lett. 7, 2043–2045
(2007).
58. T. Ruckstuhl, J. Enderlein, S. Jung, and S. Seeger, “Forbidden Light
Detection from Single Molecules,” Anal. Chem. 72, 2117–2123 (2000).
59. D. Axelrod, “Fluorescence excitation and imaging of single molecules
near dielectric-coated and bare surfaces: a theoretical study,” J. Mi-
crosc. 247, 147–160 (2012).
60. F. James Shirley, P. Neutens, R. Vos, M. Mahmud-Ul-Hasan, L. La-
gae, N. Verellen, and P. Van Dorpe, “Supercritical Angle Fluores-
cence Characterization Using Spatially Resolved Fourier Plane Spec-
troscopy,” Anal. Chem. 90, 4263–4267 (2018).
61. S. W. Hell, E. H. K. Stelzer, S. Lindek, and C. Cremer, “Confocal mi-
croscopy with an increased detection aperture: type-b 4pi confocal
microscopy,” Opt. Lett. 19, 222–224 (1994).
62. G. Shtengel, J. A. Galbraith, C. G. Galbraith, J. Lippincott-Schwartz,
J. M. Gillette, S. Manley, R. Sougrat, C. M. Waterman, P. Kanchana-
wong, M. W. Davidson, R. D. Fetter, and H. F. Hess, “Interferomet-
ric fluorescent super-resolution microscopy resolves 3D cellular ultra-
structure,” Proc. Natl. Acad. Sci. 106, 3125–3130 (2009).
63. D. Aquino, A. Schönle, C. Geisler, C. V. Middendorff, C. A. Wurm,
Y. Okamura, T. Lang, S. W. Hell, and A. Egner, “Two-color nanoscopy
of three-dimensional volumes by 4Pi detection of stochastically
switched fluorophores,” Nat. Methods (2011).
